Projection imaging of 0.1-Am lines and spaces is demonstrated with a Mo/Si multilayer coated Schwarzschild objective and 14-nm illumination from a laser plasma source. This structure has been etched into a silicon wafer by using a trilevel resist and reactive ion etching. is observed in polymethylmethacrylate.
The development of multilayer reflective coatings for soft-x-ray wavelengths has made projection imaging feasible in this region of the spectrum.
Imaging of submicrometer features in resists has been demonstrated.' Features as small as 0.05 Am have been demonstrated experimentally by using a Schwarzschild objective and 14-nm radiation from an undulator at the National Synchrotron Light Source. 2 Similar imaging experiments are described in this Letter in which the illumination is derived from a high-fluence laser plasma source (LPS) of soft x rays instead of a synchrotron radiation source. A LPS has been used as the illumination source for soft-x-ray microscopy. 3 It offers significant advantages of size and cost over synchrotron sources but with some trade-offs. The intent of this research is to determine the feasibility of the LPS for future implementation of soft-x-ray projection lithography.
The key element in the imaging system, shown schematically in Fig. 1 , is a Schwarzschild objective similar to the one used previously. 2 It is designed for 20:1 reduction with a paraxial focal length of 14.3 mm and a N.A. of 0.4 and was fabricated and aligned by the GCA Corporation (Tropel Division). The total figure and alignment error measured with optical interferometry was estimated to be A/4 at 14 nm in the area selected by the entrance pupil for these experiments. Both surfaces were multilayer coated with 20 layer pairs of Mo/Si to provide a reflectivity of -40% in a 5% bandwidth at 14 nm. A decentered entrance pupil, 1.78 mm in diameter, placed between the mask and the objective, reduces the N.A. to 0.08 and provides a 1-,m depth of field at the wafer. The diffraction-limited image field is approximately 25 4 m x 50 Am.
Low-contrast modulation at 0.05-,um lines and spaces
The Sandia high-fluence LPS 4 uses an excimer laser (KrF) running at a maximum energy and repetition rate of 1.5 J/pulse and 100 Hz, respectively. The laser light is focused onto a rotating, goldcoated target drum to produce a 15-eV plasma that emits an intense burst of soft x rays from a spot having a variable diameter from 150 to 300 ,m. The flux from this source has been calibrated. In the spectral region near 14 nm, the source brightness is competitive with that obtained from bending magnet beam lines at synchrotron radiation sources. The LPS spectrum is a good match to the multilayer coatings and membranes that make up the optical elements available in the soft-x-ray region.
The imaging system is designed to collect radiation from the LPS by using a multilayer condensing mirror and to reflect the soft x rays upward into the entrance pupil of the Schwarzschild objective. The ideal one-surface condenser is an ellipsoid with foci at 250 and 1500 mm from the center of the mirror. A condenser of this design would produce a 6 x magnified image of the LPS at the entrance pupil of the Schwarzschild (Kohler illumination) with an underfill ratio varying from 0.5 to 1.0 depending on the selected source size.
Pending delivery of the ellipsoidal mirror, imaging experiments were conducted with a spherical mirror having a radius of 600 mm as the condensing system. This mirror was multilayer coated for 450 incidence at 14 nm and achieved a reflectivity of approximately 30%. Soft x rays from the LPS illuminate the spherical mirror through a rectangular aperture of 10 mm in they direction (in the plane of from the LPS. Gold deposition, suppressed by using 200 mTorr of helium, degrades the reflectivity of the condensing reflector by 30% after one million laser pulses. When properly aligned, the condenser forms a line focus at the aperture plane that has the narrow (focused) dimension in the y direction. In the x direction the beam continues to expand at approximately half of the incident divergence angle. The spherical condenser would perform better in near-normal reflection, but the constraints of the vacuum system preclude this arrangement.
There are two consequences of using the spherical condenser. First, since the x rays are not focused in the x direction, the mask illumination is of much lower intensity than that expected from the ellipsoid. An estimated 20 times longer exposure is required to compensate. Second, the underfill factor is different in the two directions. If a source size of 150 /km is used, the underfill factor determined by tracing rays from the perimeter of the source through the center of the mask plane to the aperture plane is 0.52 in the y direction. This value provides nearly the optimum partial coherence for lithography. 5 In the x direction, however, the underfill factor is 0.025, which results in nearly spatially coherent illumination in x. Furthermore, illumination is nonstationary as a function of x. Specifically, the direction of illumination in the mask plane varies with the x coordinate. At x = 0 the illumination is centered in the entrance pupil as desired. For nonzero values of x, the illumination is decentered at the entrance pupil, causing the diffracted radiation to be apertured asymmetrically. Approximate stationarity is achieved for x much less than the entrance pupil radius. Imaging experiments that use the spherical condenser concentrate on features in they direction where the desired illumination is achieved. A slight modulation is also observed at 0.05-ftm lines and spaces (10,000 line pairs/mm). An atomic force micrograph of a soft-x-ray image is shown in Fig. 2 .
At 10,000 line pairs/mm the diffraction-limited modulation transfer function for this aperture is less than 0.3. At a N.A. of 0.12, patterns were also created in a trilevel resist system 6 consisting of a 40-nm-thick imaging layer of PMMA, 30 nm of germanium, and 300 nm of hard-baked copolymer of methylmethacrylate and methacrylic acid. Reactive ion etching was used to transfer the image from the exposed and wet-developed PMMA layer into lower layers and the silicon substrate (see Fig. 3 ). Transfer into the Ge layer was performed with SF 6 . The etched Ge layer was used as a hard mask for subsequent etching into both the hard-baked copolymer with pure 02 and into the silicon substrate with CF 3 Br.
All etching was done at 10-mTorr pressures, 20-cc/min (at STP) flows, and self-biases of no greater than 100 V We have demonstrated soft-x-ray projection imaging at a 14-nm wavelength with diffraction-limited performance using a LPS. Features as small as 0.1 Aum have been recorded with high contrast in PMMA resist and transferred to the silicon substrate by using a trilevel resist system. These results were obtained by using a nonideal condenser. Improvement in the two-dimensional image quality and exposure time is expected with optimized condensing optics.
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